Deinococcus radiodurans shows remarkable resistance to reactive oxygen species (ROS), generated by irradiation. Disruption of recX (dr1310) in D. radiodurans using targeted mutagenesis method enhanced its ROS scavenging activity, and recX overexpression in this bacterium repressed its antioxidant activity significantly. Further analyses on catalase and superoxide dismutase, two important antioxidant proteins in cells, showed that RecX could repress the induction of antioxidant enzymes, revealing that it negatively regulates the ROS scavenging activity in D. radiodurans.
Introduction
Deinococcus radiodurans is one of the most radioresistant organisms discovered and shows remarkable resistance to the severe DNA damage caused by irradiation and oxidizing agents [1, 2] . It can grow continuously in the presence of chronic radiation (60 Gy/h), and can survive acute exposures to c-irradiation exceeding 15 kGy without undergoing induced mutation [3, 4] . Its ability to survive the potentially damaging effects of ionizing radiation (IR) is suggested to be the result of three mechanisms: prevention, tolerance, and repair [5] . Reactive oxygen species (ROS) scavenging is an important contributor to the prevention mechanism because the lethal effect of IR is known to be oxygen enhanced in the presence of oxygen by the generation of oxygen radicals and hydrogen peroxide that damage cell membranes, proteins, and nucleic acids [5] [6] [7] [8] . ROS scavenging proteins are present in D. radiodurans, including superoxide dismutases (SOD) and catalases (CAT) that are induced by exposure to IR [4, 7] . CAT and SOD mutants of D. radiodurans are more sensitive to IR than the wild type [8] , indicating that ROS scavenging activities are an important defense on IR in this bacterium. However, details of the antioxidant mechanism in this bacterium remain unknown to date. Another important contributor to its radioresistance is its strong DNA repair ability [9, 10] . After treatment with high levels of ionizing irradiation, genomes of most organisms are irreversibly shattered. However, D. radiodurans is able to reconstruct a functional genome from chromosomal fragments [11, 12] . This process was thought to be RecA-dependent because RecA protein expression is DNA damage inducible and D. radiodurans loses much of its radioresistance after the disruption of recA [13, 14] . Recently, our work indicated that D. radiodurans RecX acted as a repressor in recA expression and RecX overexpression down-regulated the bacterial radioresistance clearly. To understand the regulatory mechanism of RecX on extreme resistance of D. radiodurans, we wished to determine whether RecX is involved in the antioxidant mechanism in D. radiodurans.
In Escherichia coli and other eubacteria, recX was suggested to regulate the functions of RecA. Overexpression of RecA in recX null mutants had deleterious effects on bacterial growth [14] [15] [16] [17] [18] . D. radiodurans recX (dr1310) is located on the chromosome I, instead of downstream of recA as in most bacteria [5] . To study its function in the antioxidant mechanism, we constructed a null mutant and an overexpression strain of recX. The results showed that RecX could repress the antioxidant activities in D. radiodurans, which adds to our understanding of RecX function.
Materials and methods

Bacterial strains and irradiation treatment
D. radiodurans R1 and E. coli TG1 were used in this study. E. coli was grown at 37°C in Luria-Bertani (LB) broth or on LB plates solidified with 1.5% Bacto-agar. D. radiodurans was cultured at 32°C in TGY medium, as described previously [1] .
For irradiation with c-rays, cell suspensions (1 ml) were acutely irradiated at room temperature with 60 Co c-rays at 3 kGy. Then, cells were resuspended in fresh TGY medium and incubated at 30°C while shaking. After post-incubation, cells were washed twice with 10 mM phosphate buffer, harvested by centrifugation, and stored at À80°C before sample preparation.
General DNA manipulations
Plasmids and chromosomal DNA were isolated using an alkaline lysis method for E. coli and a lysozyme lysis method for D. radiodurans [6, 20] . recX cloning was performed according to standard procedures. The gene was amplified by PCR and ligated into pGEM
Disruption of recX was performed using a direct insertional mutagenesis technique as described by Funayama et al. [21] . The above plasmid with the recX fragment was digested with Aor51H 1, then ligated to a 914 bp Aor51H 1 fragment containing the kanamycin resistance gene from plasmid pKmt (laboratory stock) to generate the recombinant plasmid, pTX-kam, for the replacement of recX. The plasmid was linearized by SspI and transformed into D. radiodurans R1. The mutant strain, RecX À , was selected on TGY agar with 10 lg/ml Kam and confirmed by PCR and Western blotting.
To overexpress recX in D. radiodurans, a modified shuttle vector pRADZ3 (a gift from M. Lidstrom, University of Washington, Seattle, WA) was used [19] . The full recX gene was amplified from genomic DNA by PCR using primers: 5 0 -TACATATGGGCGCGTC-CGGCAGC-3 0 , and 5 0 -TTGGATCCTTACTCCTCG-GCTTCGT-3 0 , containing restriction sites for Nde I and BamH I (underlined sequences) respectively. The recX fragment was ligated into pRADZ3 and the resulting clone, pRADZ3recX, was confirmed by sequencing. The overexpression strain, recX + /DR1, was obtained by transforming pRADZ3recX into D. radiodurans R1 using the CaCl 2 method [2] .
To analyze the transcription of CAT (dra0146) and SOD (dr1279) in D. radiodurans, dra0146-lacZ and dr1279-lacZ transcriptional fusions were constructed. Based on the genome of D. radiodurans from NCBI, promoters for dra0146 and dr1279 were obtained with the following primers: dra0146-F 5 0 CTGAGATCTA-
0 , and were cloned between the BglII and SpeI sites of pRADZ3. The resulting plasmids, pCAT-p and pSOD-p, were transformed into wild type strain R1 and mutant RecX À to examine the promoter activities of dra0146 and dr1279 in them. For transcriptional assays in the overexpression strain, the amplified promoters were cloned into the overexpression plasmid pRADZ3recX between BglII and SpeI sites, and were transformed into D. radiodurans R1.
Antioxidant activity assay
The cells were disrupted with an ultrasonicator at 600 W output for a total of 6 min on ice and the debris was removed by centrifugation (16,000g, 20 min) . Protein concentration in the supernatants was determined using the Bradford protein dye assay [20] . The ROS scavenging activity in cell extracts was assayed by chemiluminescence methods as reported previously [22] [23] [24] . ROS were generated using a pyrogallol autoxidation system. The reaction mixture contained 50 ll of pyrogallol (0.31 mM), 200 ll of carbonic acid buffered saline solution (pH 10.2), and 400 ll of luminol (1 mM). Luminosity was monitored in a BPCL Model Ultra Weak Chemiluminescence Analyzer (Institute of Biophysics, Academia Sinica, China). The samples were measured in triplicate and averaged. Scavenging activity (%) was calculated using the following equation:
Scavenging activity ð%Þ
where CL control is the luminosity of the control, CL 0 is the luminosity of the background, and CL sample is the luminosity of the test samples.
Activity assays for catalases and superoxide dismutase
Cell extracts were prepared as described above and separated on 8% nondenaturing polyacrylamide gels. Gels were stained for CAT activities using the horseradish peroxidase-diaminobenzidine method [8, 25] and for SOD activities using the procedure of Beauchamp C [26] . The activities of CAT and SOD in the cellular extracts were also examined using spectrophotometric methods, respectively [27, 28] .
Immunological assays
D. radiodurans RecX antibody (mouse IgG, laboratory stock) was used to detect the expression of RecX following the standard Western blotting protocol [20] .
Southern blot hybridization
In order to confirm that the recX gene was disrupted by the kam gene from plasmid pKmt (laboratory stock), the kam gene was labeled with digoxigenin (the DIG High Prime DNA Labeling and Detection Starter Kit II, Roche Applied Science), and used as the probe in southern blot hybridization assays based on a protocol described previously [2] .
b-Galactosidase assay
Expression of the lacZ reporter gene under the control of the promoter (dra0146 or dr1279) was detected in E. coli or D. radiodurans using X-Gal at 40 lg/ml. b-Galactosidase activity in D. radiodurans was measured in toluene-permeabilized cells according to procedure described previously [29] .
Results
Construction of D. radiodurans recX insertion mutant and recX overexpression strains
Mutant RecX
À was verified by a genomic PCR using the primers as described in Section 2. In strain R1, the amplified band was about 735 bps, consistent with the size expected for normal recX. In the mutant, however, a 1666 bps band, corresponding to the size of recX containing the kanamycin resistance gene was detected (Fig. 1(b) ). Southern blotting with digoxigenin labelled probes from kanamycin resistance sequence showed that the kam gene was inserted into recX ( Fig. 1(b) ). Moreover, Western blot assay in the mutant proved that gene recX was fully inactivated (Fig. 3(c) ).
After transforming D. radiodurans R1 with the expression plasmid pRADZ3recX, the recX overexpression strain, recX + /DR1, was selected on TGY plate containing 3 lg/ml chloramphenicol. Immunoblot assays showed that RecX protein was enhanced about 3-fold in the overexpression strain, compared with that in the wild type (Fig. 3(c) ).
In order to characterize the mutant and overexpression strains, their survival curves in response to c-radiation exposure were determined (Fig. 1(c) ). The absence of RecX did not alter the strainÕs radioresistance significantly, only a small decrease at low dose (about 0-5 kGy) and a slight increase at high dose (about 5-8 kGy). However, the overexpression of recX greatly decreased the level of radioresistance. At a dose of 4 kGy, radioresistance in the overexpression strain decreased approximately 3-fold as compared to that in the wild type strain R1.
Regulating effect of RecX on antioxidant activity in D. radiodurans
To evaluate the effects of RecX on the antioxidant activity in D. radiodurans, we measured the ROS scavenging activities in crude extracts of the wild type strain R1, the mutant RecX À and the overexpression strain recX + /DR1 (Fig. 2(a) ). Without exposure to irradiation, the mutant exhibited a remarkable enhanced ROS scavenging activity, about 2.16-folds higher than the wild type strain R1. On the other hand, strain recX + /DR1 exhibited lower ROS scavenging activity than strain R1. After irradiation, the mutant exhibited no induction of radical scavenging activity, while induction was observed in strain R1 and strain recX + /DR1. These results suggested that RecX had a negative effect on ROS scavenging activity in D. radiodurans and this effect can be reduced by irradiation induction. Inactivation of recX released its repressing effect on the antioxidant activity in the cell.
To further understand the role of RecX in the antioxidant mechanism, we investigated the effect of added RecX on ROS scavenging activity in cell extracts (data not shown). Addition of increasing amounts of purified RecX had no effect on the ROS scavenging activity in crude extracts of the three strains indicating that the ROS scavenging activity is due to antioxidant proteins other than RecX that are under RecX control. Furthermore, the results also suggested that RecX does not affect the scavenging activity of antioxidant proteins by interaction with them directly.
Involvement of RecX in the ROS scavenging process by regulating enzymic antioxidants
It has been shown that CAT and SOD are the key ROS scavenging proteins in D. radiodurans [8] . To examine the effects of RecX on antioxidant enzyme activities, CAT and a SOD were inspected in the cell extracts. CAT (dra0146) and SOD (dr1279) activities were altered remarkably in the recX mutant, and were assayed in our following tests.
As shown in Fig. 3(a) and (b), RecX absence (mutant) enhanced the activities of CAT and SOD, and redundant RecX (overexpression) repressed the enzyme activities, indicating that RecX maybe worked as a repressor on the expression of CAT and SOD, in according with the above result that RecX has a negative effect on the ROS scavenging activities in D. radiodurans. In addition, after irradiation at 2 kGy, CAT and SOD were induced in strain R1 and recX + /DR1, but not in RecX À . The results further confirmed that RecX was involved in the radiation damage response, exhibiting a negative effect on the expression of genes encoding antioxidant enzymes. Total CAT activity and total SOD activities were also determined in extracts of the mutant and the overexpression strain (data not shown), and the data were in accordance with the gel activity staining results.
RecX is a negative regulator on the expression of CAT (dra0146) and SOD (dr1279)
To test the hypothesis that RecX regulates the expression of CAT (dra0146) and SOD (dr1279), we examined the promoter activities of gene dra0146 and dr1279 in the presence or absence of RecX. The promoters were cloned into plasmid pRADZ3 to drive the b-galactosidase expression in the presence or absence of the recX gene in D. radiodurans. The results are presented in Fig. 4 . As predicted, the promoter activities are inducible by ionizing radiation treatment (2 kGy doses) in its native D. radiodurans genetic background (lanes 1 and 2). Deletion of recX gene resulted in constitutive activation of the two promoters (lanes 3 and 4), while overexpression of recX suppressed their promoter activities regardless of treatment with radiation or not (lanes 5 and 6). These results indicate that RecX downregulates the transcription of the two genes, and thus negatively effects the expression of CAT (dra0146) and SOD (dr1279).
As to how RecX regulates the expression of enzymic antioxidants, a possible mode is that RecX protein binds to the promoters directly and blocks their transcription. Unfortunately, gel shift assay showed that at physiological conditions, purified RecX could not bind to either the CAT or SOD promoter, leaving us a puzzle for further study (as seen in Section 4).
Discussion
Aside from irradiation, ROS are also generated as a byproduct of metabolism and could be scavenged by antioxidants in the cell to keep a dynamic balance between the ROS and the antioxidants [23, 24] . However, excessive ROS produced under extreme oxygen stress result in cell damage. Enzymic or nonenzymic antioxidants are required in cells to eliminate excessive ROS, the former includes CAT, SOD and peroxidase (POD), and the latter is multifarious such as antiscorbutic acids (ASA), glutathione, ferredoxin, mannitol, carotenol, vitamin E and so on [5, 8, 24] . D. radiodurans has a powerful antioxidant system, expressing relatively high levels of CAT and SOD to control the levels of ROS and contribute to its extreme radioresistance [5, 8] . However, the real antioxidant mechanism of the bacterium remains unclear to date. The data presented in this paper showed that RecX is involved in the antioxidant mechanisms of D. radiodurans by regulating the expression of some antioxidants, though the detailed mechanism depends on further work.
RecX is known as an antirecombinase being shown to inhibit RecA recombinase and co-protease activities in vitro and in vivo [14, 18] . However, some reports in other bacteria suggested that recX was required for high-level expression of recA [16] and that it actually potentiated the function of RecA [15, 17] . For example, absence of recX in N. gonorrhoeae did not alter the expression of RecA, but resulted in a decline in RecA mediated DNA repair activity [17] . Our previous study revealed that RecX down-regulates the transcription of recA, a key protein in the radioresistance of D. radiodurans [13] . In this work, we provide evidence that D. radiodurans RecX is involved in the regulation of ROS scavenging activity, and further assays showed that RecX had a negative effect on the expression of SOD and CAT. Although it is not clear whether RecX mediated antioxidant regulation is an indirect result of RecX mediation of RecA activity, RecA, CAT and SOD are all involved in the SOS reaction caused by irradiation [4, 7, 8, 14] and RecX is a repressor of the process.
D. radiodurans RecX has a theoretical pI (isoelectric point) of 9.96, carrying positive charges under physiological conditions and thus may bind nucleic acid. Secondary and tertiary structure predictions show that the protein contains abundant a helices and forms at least one helix-turn-helix (HTH) DNAbinding motif. However, purified RecX failed to bind the promoter specifically (data no shown). In addition, we have aligned the promoters of the genes that are under the negative regulation of D. radiodurans RecX, and did not find any conserved binding motifs for RecX (data not shown). We suppose that the regulatory effect of RecX on the expression of CAT and SOD needs the assistance of some other regulating molecules in an unknown pathway, which need to be investigated further.
